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ABSTRACT
Partition functions and dissociation equilibrium constants are presented for 291 diatomic molecules for temperatures in the range
from near absolute zero to 10 000 K, thus providing data for many diatomic molecules of astrophysical interest at low temperature.
The calculations are based on molecular spectroscopic data from the book of Huber and Herzberg with significant improvements from
the literature, especially updated data for ground states of many of the most important molecules by Irikura. Dissociation energies are
collated from compilations of experimental and theoretical values. Partition functions for 284 species of atoms for all elements from
H to U are also presented based on data collected at NIST. The calculated data are expected to be useful for modelling a range of low
density astrophysical environments, especially star-forming regions, protoplanetary disks, the interstellar medium, and planetary and
cool stellar atmospheres. The input data, which will be made available electronically, also provides a possible foundation for future
improvement by the community.
Key words. molecular data — atomic data
1. Introduction
Calculations of the relative abundances of molecules and atoms
are required for the modelling of a wide range of cool astronomi-
cal objects and their spectra, e.g. the solar atmosphere, sunspots,
cool stellar atmospheres, exoplanetary atmospheres and comets;
for a recent review see Bernath (2009). In 1979, Huber and
Herzberg published their classic compilation of constants for
diatomic molecules (Huber & Herzberg 1979, hereafter HH).
Soon after, Sauval & Tatum (1984, hereafter ST) published a
set of partition functions and equilibrium constants for 301 di-
atomic molecules of possible astrophysical interest based on data
from this compilation. They calculated for temperatures in the
range from 1 000 to 9 000 K, arguing that molecular equilib-
rium will not be valid in astrophysical objects at lower tem-
peratures. Nevertheless, molecular equilibrium is still often use-
ful, either to use directly in exploratory models, or as an ini-
tial guess for non-equilibrium modelling. For example, Bond
et al. (2010) have modelled terrestrial planet formation assum-
ing chemical equilibrium, supported by arguments regarding the
relevant timescales for planetesimal formation and observational
evidence from our solar system. In this work we redo the cal-
culations of ST, with the main goal to extend the temperature
range of the calculations down to temperatures near absolute
zero through removal of various high-temperature approxima-
tions related to the rotational and nuclear hyperfine structure lev-
els.
These calculations allow us to make some additional im-
provements. First, since the HH data is now made available
? Full tables 1, 2, 4, 5, 6, 7 and 8 are only available in electronic form
at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or
via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/.
electronically via the NIST1 Chemistry Webbook (Huber et al.
2011), all states and coefficients could be included with little ef-
fort. Second, critically compiling input molecular data is a com-
plex problem, one an expert in molecular physics could spend a
career on: Huber and Herzberg spent over 30 years making their
compilation. Thus, ST chose to adopt data exclusively from HH
so that there could be no ambiguity regarding what data was
used, even though this meant that improvements from after HH
finalised data for a given molecule were omitted. This problem
can now be relatively easily circumvented by making the in-
put data files available electronically, allowing data sets to be
merged in a transparent fashion. Finally, the possibility to pro-
vide large tables online means results can be presented for a fine
temperature grid and removes the need for polynomial represen-
tations.
There have been countless improvements and additions to
known molecular data during the over 30 years since HH’s com-
pilation. The dissociation energy is of particular importance in
the calculation of the equilibrium constant, and so in this work
we have compiled updated dissociation energies based on two
main sources: the compilation of experimental bond energies
of Luo (2007), and the theoretical calculations of Curtiss et al.
(1991) using Gaussian-2 theory. Regarding spectroscopic con-
stants, the most significant update was the inclusion of constants
for the ground states of 85 of the most important molecules ac-
cording to the compilation by Irikura (2007); this addition is
of particular importance in updating the HH data for this work.
Further, in the case of a few molecules of particular astrophysical
interest for which data did not previously exist (e.g. FeH, TiH)
or improved data has now become available (e.g. CrH, ZrO),
1 National Institute of Standards and Technology, http://www.
nist.gov/
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data were added or updated, respectively. We emphasise that we
have not attempted here to make a comprehensive review of all
291 molecules; however, the input data presented here provides
a possible foundation for workers to be able to incorporate fur-
ther improvements for specific molecules of particular interest.
Our primary goal here is to provide a comprehensive data set
for a large number of molecules suitable for astrophysical mod-
elling, using up-to-date, or at least reasonably close to up-to-
date, data in the most important cases. A few molecules were
also removed from the list of ST, and the final list contains 291
diatomic molecules; all improvements and removals with respect
to ST, are detailed in § 2.1.2 .
In order to calculate equilibrium constants, in addition to
partition functions for the molecule, partition functions for the
component atoms are needed. These partition functions are of
considerable interest in themselves, and have also been calcu-
lated based on data from NIST for all chemical elements from
hydrogen to uranium, for neutral and singly- and doubly-ionised
species.
The paper is structured as follows. In Section 2 the calcula-
tions and the input data are described in detail. In Section 3 the
results are analysed and compared with previous results.
2. Calculations
The expressions used for calculating the partition function corre-
sponds to those from (Irwin 1987, eqns. 26–31), though neglect-
ing spin-orbit coupling. We write the partition function as:
Q =
∑
e
υmax∑
υ=0
Jmax∑
J=Λ
gΛ,hfs(2S + 1)(2J + 1)
× exp
[
− hc
kT
(Te +G(υ) + Fυ(J) − E0)
]
, (1)
where e denotes electronic states with projection of orbital angu-
lar momentum quantum number Λ and total spin quantum num-
ber S , and υ and J are the vibrational and rotational quantum
numbers, respectively. Te, G and F represent the electronic, vi-
brational and rotational energies in wavenumber units. E0 is the
energy of the lowest state of the molecule (i.e. υ = 0, J = Λ for
the ground electronic state); we note that although this term can
be taken outside the summation, at low temperatures it is best
left in the summation to avoid numerical errors.
The vibrational and rotational energies can be expressed as
asymptotic expansions in terms of molecular constants. In this
work we use the usual band spectrum constants as defined in
Herzberg (1950) and used by HH. The vibrational energy is
G(υ) = we(υ +
1
2
) − wexe(υ + 12)
2 + weye(υ +
1
2
)3. (2)
The rotational energy is
Fυ(N) = BυJ(J + 1) − Dυ(J(J + 1))2, (3)
where
Bυ = Be − αe(υ + 12) + γe(υ +
1
2
)2, (4)
with the centrifugal distortion term
Dυ = De − βe(υ + 12). (5)
The statistical weight factor relating to Λ-doubling and nuclear
hyperfine structure gΛ,hfs is calculated according to Irwin (1987,
Table 3 and eqns. 28 and 29). Note that our calculations follow
the usual convention that the statistical weight is divided by the
product of the nuclear spin statistical weights, i.e. nuclear spin
parts are not included.
The upper limit υmax for summation over vibrational quan-
tum number υ in eqn. 1, is found naturally by treating eqn. 2
as an asymptotic expansion. Normally, the best approximation
is achieved when the asymptotic expansions are truncated at the
smallest term. Due to the small number of terms available, to
ensure the convergence of the included terms we used a slightly
more stringent condition: to be included in the summation a term
should not be more than half of the preceding term. In cases
where wexe is not available or able to be estimated, the sum-
mation is arbitrarily truncated at υmax = 100. For the summa-
tion over rotational quantum number J, the value of J with the
largest thermal population can be easily calculated (see pg. 124
of Herzberg 1950). As the population decreases exponentially at
larger J, we chose to truncate the summation at Jmax equal to 10
times this value, but with a minimum value of 10, which is used
at low temperatures when J = 0 is the most populated state (for
Σ states).
The main differences between our calculations and those of
ST are: a) we have not employed the high-temperature approx-
imation for the summation over rotational quantum number J,
b) we have not used the approximate expression for the statisti-
cal weight g, c) we include higher order terms in the asymptotic
expansions if available. Both a) and b) are necessary to extend
the calculations to low temperatures, as both these approxima-
tions are only valid in the high-temperature case where many
rotational and nuclear hyperfine levels contribute to the partition
function.
As mentioned earlier, in order to compute the molecular
equilibrium constants, we need to evaluate partition functions
for the relevant atoms and ions as well. We calculate them using
the following expression:
Qatom =
∑
i
(2Ji + 1) e−χi/kT (6)
where the index i refers to the atomic energy level, Ji is the an-
gular momentum of the level and χi its excitation energy relative
to the ground state. In the calculations, we account explicitly for
fine and hyperfine structure of atomic levels and again follow the
usual convention that the nuclear spin statistical weights are not
included.
For isolated atoms and molecules the partition function for-
mally diverges due to an infinite number of Rydberg states ap-
proaching the ionisation threshold. However, in real physical en-
vironments the sum is modified due interactions of nearby parti-
cles. This may be viewed in the so-called “physical” or “chem-
ical” pictures (e.g. Da¨ppen et al. 1987; Rogers et al. 1996). In
the physical picture, nearby particles modify the electronic po-
tential from the spherically symmetric Coulomb potential, thus
resulting in a finite number of states. In the chemical picture,
one begins with the isolated atoms and molecules and account
for loosely bound states being “dissolved” into continuum states
if a perturbing particle is sufficiently nearby. Inclusion of these
effects would lead to partition functions and equilibrium con-
stants dependent on densities of the most common perturbers
(hydrogen atoms, ions, electrons, etc.), leading to significantly
increased complexity, and perhaps limiting the usefulness, of
the results. In these calculations we have included all available
states from the relevant sources, without modification, and will
show in Sect. 3 that this leads to only small errors for typical
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low density astrophysical environments where this data might
be applied, such as stellar atmospheres.
Once partition functions for the molecule and constituent
atoms and ions are known, the equilibrium constant KAB can be
easily calculated. In terms of partial pressures (e.g. Tatum 1966)
pKAB =
pApB
pAB
=
(
2pimkT
h2
)3/2
kT
QAQB
QAB
e−D
0
0/kT . (7)
The partition function and equilibrium constant calculations
were carried out as detailed above using a computer program
written in IDL.
2.1. Input molecular data
The input data for the molecular partition function cal-
culations consists of molecular terms containing relevant
quantum numbers Λ and S and spectroscopic constants
Te,we,wexe,weye, Be, αe, γe,De, βe. In the homonuclear case,
parity (u or g) and reflection symmetry (+ or −), as well as the
nuclear spins for the component atoms, I1 and I2, are also needed
in the calculation of gΛ,hfs. Calculation of the equilibrium con-
stant requires the dissociation energy D00. Below we detail the
data used in our calculations.
2.1.1. Dissociation energies
The exponential term in equation 7 containing the dissociation
energy D00 arises since the atomic and molecular partition func-
tions are calculated with reference to different zero points, their
respective ground states. The exponential dependence on D00
means KAB, and thus the partial pressure pAB, number density
nAB and opacity κAB, in an astrophysical model, are sensitive to
errors in D00. The relative error from this source in the partial
pressure or number density of the molecule, and thus its opacity
κAB, is given by
∆nAB
nAB
=
∆pAB
pAB
=
∆κAB
κAB
= exp(∆D00/kT ) − 1. (8)
For example, at 3500 K kT ∼ 0.3 eV and so ∆D00 ∼ 0.1 eV
leads to errors of around 40%. The error increases as temperature
decreases; for example at 1000 K, the same error in D00 leads to
an error in excess of a factor of 2.
Thus, it is important to have accurate dissociation energies,
and we made a significant effort to collect updated data. Data
were collected from three sources: HH, Luo (2007), and Curtiss
et al. (1991). The data from the compilation of HH is compiled as
a starting reference point, but is rarely adopted (only for HeH+,
NeH+, HF+). Luo (2007) presents a comprehensive survey of ex-
perimental chemical bond energies, from which D00 can be easily
calculated. For each molecule, Luo (2007) presents a survey of
available data, and often recommends one of the values. If a rec-
ommended or only a single value is available, then this is was the
value collected. If no value was recommended we collected the
value with the smallest estimated uncertainty. Finally, data from
the theoretical calculations of Curtiss et al. (1991) were also col-
lected. This work employs so-called Gaussian-2 theory, essen-
tially ab initio molecular structure calculations using Gaussian
orbitals; see Curtiss et al. (1991).
We then evaluated the data in each case and adopted a final
value. In the vast majority of cases, the value from Luo (2007)
was adopted. The Luo (2007) survey usually includes the exper-
imental data in HH together with error estimates. As error esti-
mates were rarely given by HH, Luo (2007) is always preferred
over HH even if the data are from the same original source. In
the majority of cases, the Luo (2007) values and the Curtiss
et al. (1991) values agreed well, and where this was the case
we favoured the Luo (2007) values as they are experimental and
have error estimates. However, in cases where disagreement was
substantial, and the available experimental data in Luo (2007)
were deemed uncertain, we have favoured the theoretical values
from Curtiss et al. (1991) (see discussion in Costes & Naulin
1994).
Data from the three different sources and the adopted data
are presented in Table 1. Comparisons of the data, where they
overlap, are given in Fig.1. We see that the correlation is gen-
erally good between the three sources, yet the scatter is gener-
ally of order a few 0.1 eV, and some cases disagreeing by 1 or
even 2 eV. Fig. 2 compares the final adopted values with those
from HH. We see rather large changes in molecules such as H−2
(which we note is still rather uncertain), MgO (which was noted
by Costes & Naulin 1994), CaO, NH+, NS+ and C+2 , just to pick
out some of the largest with constituent atoms that are astrophys-
ically abundant.
2.1.2. Spectroscopic constants
The starting point for our calculations are the molecular con-
stant data from HH, which were extracted electronically from the
NIST Chemistry WebBook (Huber et al. 2011, retrieved October
14, 2011) for all molecules considered by ST. An IDL computer
program was then used to automatically extract the required data
from these html files. Changes and additions to the data are then
made by merging the data with extra data sets, also with an IDL
computer program. The most important of these changes and ad-
ditions is the compilation of updated constants for the ground
states of 85 molecules by Irikura (2007, 2009). Further changes
and additions were also made as listed below. Note, for negative
ions we followed the treatment of ST (see § IIa of that paper)
adopting estimates of data and ground state designations from
similar molecules where necessary.
Additional molecules TiH and FeH were added using data from
Burrows et al. (2005) and Dulick et al. (2003), respectively. CH−
was also added, which is not present in Table 6 of ST despite be-
ing mentioned in § IIa of that paper. In this case we took the
molecular term for the ground state from HH, and used spectro-
scopic constants from the CH ground state.
Updates to data The constants for CrH have been updated us-
ing data from Bauschlicher et al. (2001, Table II), and from
Ghigo et al. (2004) for higher states, prefering CASPT2 calcu-
lations. The energy levels for ZrO have been updated following
Davis & Hammer (1988). The constants for the ground state of
NeH+ have been taken from Civisˇ et al. (2004).
Estimates Data are missing for some states with identified
quantum numbers and electronic energies Te, and so rather than
omit these states, in certain cases we chose to make simple esti-
mates based on data from other states of the molecule or similar
molecules. In cases where we or Be is missing, but available for
other states of the molecule, we adopted the average of the val-
ues for the other states. In cases where we or Be is missing for
the ground state of a molecule that has no other states with these
values, then an estimate was taken from a similar molecule (e.g.
3
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Table 1. Sample of electronic table containing dissociation energies from the literature, and final adopted values. The full table is
available electronically at CDS.
Dissociation energies 291 molecules
Molecule HH Luo G2 Adopted
Do sigma(Do) Do sigma(Do) Do sigma(Do) Do sigma(Do)
[eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV]
H2 H H 4.478130 . 4.478007 0.000004 . . 4.478007 0.000004
Li2 Li Li 1.046000 . 1.049900 . 1.124000 . 1.049900 .
B2 B B 3.020000 . 2.802000 . . . 2.802000 .
C2 C C 6.210000 . 6.371000 0.160000 6.401000 . 6.371000 0.160000
N2 N N 9.759400 . 9.753940 0.000900 9.705000 . 9.753940 0.000900
O2 O O 5.115600 . 5.116420 0.000130 5.013000 . 5.116420 0.000130
F2 F F 1.602000 . 1.605960 0.001000 1.587000 . 1.605960 0.001000
...
Fig. 1. Comparison of dissociation energies D00 from the three main sources discussed in the text. The bars show estimated errors
where available. The theoretical values of Curtiss et al. (1991) are labelled G2, denoting Gaussian-2 theory. The difference shown
in the lower panel is always in the sense (y-axis − x-axis). The error shown in the difference is taken as the sum of the errors, where
available.
oxide or homo-nuclear molecule with nearest mass) where data
is available for the ground state.
Removed molecules Some molecules included in ST, were not
included in this work. PdH, ClF, AuSi, CuSe were missing in
the NIST Webbook and not deemed important enough to warrant
followup. HeH+, CH+ and LaO were also missing, but included
using data from HH added by hand. LaH, BH+, RuO, AgO, CeO,
IrO, FeF, MnS, FeCl either do not have an identified ground state
or do not have data for the ground state and were not deemed im-
portant enough to warrant followup. It seems that ST assumed a
ground state for these cases. For CN+ the ground state is also not
identified in HH, but due to its possible astrophysical importance
we chose in this case to assume that the lowest known state, a1Σ,
was the ground state. We note the inherent danger in such a pro-
cedure: e.g., the ground state of FeCl is uncertain in HH, and
later work by Delaval et al. (1980) showed it to be a state with
different properties to those identified as candidates in HH.
The final input data for the calculations are written to files
containing all relevant information, including dissociation ener-
gies, nuclear spins, and spectroscopic constants. Labels indicat-
ing the source of the data are included for all spectroscopic con-
stants. These files are available in electronic form from the CDS.
A sample of an example file for H2 is given in Table 2. The key
to the reference labels used in these files is given in Table 3.
We note that states where fine structure components are given in
HH, with corresponding projection of total angular momentum
quantum number Ω, the value of the spin multiplicity 2S + 1 is
adjusted to unity in order to achieve the correct statistical weight.
4
P. S. Barklem and R. Collet: Partition functions for molecules and atoms
Table 2. Sample of electronic table for H2 containing adopted dissociation energy, nuclear spins, and spectroscopic constants. The
full table is available electronically at CDS.
D0 I1 I2
4.4780070 0.5 0.5
label name Lambda 2S+1 +/- u/g Te we wxe ... references
[cm-1] [cm-1] [cm-1] ...
...
C ˆ1 Pi_u 2p-pi C 1 1 . u 100089.8 2443.77 69.524 ... HH HH HH ...
B ˆ1 Sigma_u ˆ+ 2p-sigma B 0 1 + u 91700.0 1358.09 20.888 ... HH HH HH ...
X ˆ1 Sigma_g ˆ+ 1s-sigmaˆ2 X 0 1 + g 0 4401.2130 121.33600 ... HH IR IR ...
END
Fig. 2. Comparison of final adopted values of the dissociation
energies D00 with those of HH. The bars show estimated errors
where available. The difference is in the sense (HH − adopted).
The error shown in the difference is taken as error in the adopted
value, where available. The cases with the largest differences are
labelled.
2.2. Input atomic data
The input data for the atomic partition function consists of an-
gular momenta and excitation energies of energy levels of atoms
and ions for all elements between H and U and ionisation stages
Table 3. Key to reference labels in electronic files. The full de-
tails of each are given in the reference list of this paper.
B01 = Bauschlicher et al (2001)
B05 = Burrows et al (2005)
C04 = Civis et al (2004)
D03 = Dulick et al (2003)
DH88 = Davis and Hammer (1988)
DS82 = Delaval and Schamps (1982)
EST = Estimated from other states or from similar molecule
G04 = Ghigo, Roos, Stancil and Weck (2004)
HH = Huber and Herzberg (1979)
IR = Irikura (2007)
Table 4. Sample of electronic table with first, second, and third
ionisation energies for atoms and ions (for H and He, the highest
possible ionisation stages are singly and doubly ionised, respec-
tively, and therefore the ionisation energy of higher stages are
meaningless and are assigned a value of −1 in the table). The
full table is available electronically at CDS.
* Atom.Num. Elem. IE1 IE2 IE3
* [eV] [eV] [eV]
1 H 13.5984 -1.000 -1.000
2 He 24.5874 54.418 -1.000
3 Li 5.3917 75.640 122.454
4 Be 9.3227 18.211 153.896
5 B 8.2980 25.155 37.931
6 C 11.2603 24.385 47.888
...
from I to III (neutral and singly and doubly ionised). The infor-
mation was extracted electronically from the NIST atomic spec-
tra database (Kramida et al. 2014), which includes data about
atomic levels collected and critically assembled from various
compilations. The complete list of references for the atomic en-
ergy level information is provided as electronic material (a sam-
ple of which is given in Table 5). Partition functions for atoms
and ions are then computed by simply combining the data ac-
cording to Eq. 6.
Ionisation energies for individual atoms and ions are not
strictly relevant for the calculations of atomic partition func-
tions; however, knowing their values is necessary in order to
compute ionisation equilibria. For completeness and for the
user’s convenience, we have therefore elected to compile and
make available electronically a table of ionisation energies for
all elements between H and U. The ionisation energy data comes
primarily from the CRC Handbook of Chemistry and Physics
(Haynes, W. M. 2010); data missing from the primary source
or affected by large uncertainties (mainly ionised stages of very
heavy elements) have been filled in using theoretical or nu-
merically interpolated values extracted from the NIST database
(Kramida et al. 2014). A sample of the table is shown in Table 4.
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Table 5. Sample of electronic table with the list of references
for atomic energy level data, ion by ion. The citation keys in
the table are abbreviations of the full references, which are also
made available electronically in BibTEX format. The full table is
available electronically at CDS.
* Elem Ion References (citation keys)
...
Fe I Nav:1994
Fe II Nav:2013
Fe III Sug:1985
Co I Sug:1985
Co II Pic:1998 Pic:1998a Sug:1985
Co III Sug:1985
...
@article{Nav:1994,
Author = {G. Nave and S. Johansson and R. C. M. Learner
and A. P. Thorne and J. W. Brault},
Doi = {10.1086/192079},
Journal = {Astrophys. J., Suppl. Ser.},
Pages = {221--459},
Title = {A New Multiplet Table for Fe˜I},
Volume = {94},
Year = {1994} }
...
3. Results and discussion
To present the final calculations we must first decide on a tem-
perature grid for the final calculations. This should ideally be
as sparse as possible for presentation reasons, while retaining a
sufficient number of points for precise use in applications. To
decide the temperature grid we first made a calculation on a
fine logarithmic grid of 101 points ranging from 0.1 to 104 K.
In implementing the results in a spectrum synthesis code, Jeff
Valenti (private communication) calculated an adaptive grid that,
when used with cubic spline interpolation in log10(Q) for parti-
tion functions and in log10(
pK) + (D0 × 5040/T ) for equilibrium
constants, tabulated as a function of log10(T ), would provide re-
sults with relative accuracy better than 10−4 with the minimum
number of points. This grid contained 31 points. We then con-
structed a temperature grid that was very close to the adaptive
one, but using only round numbers, as well as adding some low
temperature points to extend the grid down to 10−5 K. This grid
was then used for our final calculations, and contains 42 points.
Partition functions and equilibrium constants for molecules are
presented in Tables 6 and 7. Partition functions for atoms are
presented in Table 8. The full tables are available electronically
at CDS.
Partition functions for H2 and CO, two cases of common as-
trophysical interest are examined in Figs. 3 and compared with
previous results from ST and Irwin (1987), and in the case of CO
with Gamache et al. (2000). The main impact of the new calcu-
lations is seen in the upper and middle panels: our calculations
go down to near absolute zero temperature and there approach
a constant value, specifically the statistical weight of the ground
level divided by the nuclear statistical weight. The lower panels
show the impact of inclusion of high-lying states, higher-order
constants and changes to the molecular data compared to ST. We
see in H2 the inclusion of higher-order constants has some effect
at higher temperatures, while the addition of high-lying states
has no appreciable effect. The updating of the spectroscopic con-
stants according to Irikura (2007) has a very small effect on the
partition function. In CO, we see none of these has a significant
effect.
Fig. 7. Plot of the occupation probability as a function of ef-
fective principal quantum number n∗ for conditions represen-
tative of three depths in the solar atmosphere. The depths are
labelled by their approximate temperatures, and these corre-
spond to particle number densities of NH and Ne, of 1014 and
1013 cm−3 at 4 000 K, of 1017 and 3 × 1013 cm−3 at 6 000 K, and
of 1017 and 7 × 1014 cm−3 at 8 000 K, respectively. In each case,
NHe = 0.1 × NH.
Our partition functions for atoms and ions are overall in very
good agreement with results from Irwin (1987) and Lawler &
Sneden (private communication), where the temperature ranges
considered by the various sets of calculations overlap. The
Lawler & Sneden data are the basis of the partition functions
used in the MOOG spectral synthesis code (Sneden 1973 and
updates). The original partition function data, kindly provided to
us by Lawler & Sneden are in some cases also based on NIST
data, e.g. Tb ii (Lawler et al. 2001) and Ce ii (Lawler et al. 2009),
while for a few cases taken from other sources, e.g. Ho ii taken
from Bord & Cowley (2002) (see Lawler et al. 2004). These
authors, however, provide polynomial fits or partition function
data that are optimised or tabulated only for temperatures above
∼500 − 1 000 K and below ∼10 000 − 16 000 K but are gen-
erally not applicable or available outside the designated range.
For instance, the values of the polynomial fits provided by Irwin
(1987) would diverge very rapidly for temperatures outside the
indicated range and are therefore not suited for applications to
low-temperature astrophysical environments. Lawler & Sneden
do provide data at 1 K, but the 1 − 500 K range is generally
not sampled (or is, at best, largely undersampled), which makes
it difficult in practice to accurately interpolate the values of the
partition functions for in-between temperatures. In Fig. 4, we
present some examples of partition functions we calculated for
various atoms and ions of astrophysical importance for molecule
formation and stellar spectroscopy and compare our results with
the ones from Irwin (1987) and Lawler & Sneden. Agreement
is generally good where the respective temperature ranges of
the various sources overlap (T > 1 000 K), but information at
lower temperatures are missing in the Irwin (1987) and Lawler
& Sneden data sets. Simple extrapolation or, where possible,
interpolation thereof yields inaccurate results at low tempera-
tures. Fig. 5 shows an analogous comparison for some lanthanide
ions of astrophysical interest for stellar spectroscopy of neutron-
capture elements. Agreement among the various sources is less
6
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Fig. 3. Partition function comparisons for H2 (left column) and CO (right column). Upper row: The partition function (Q) calculated
in this work (blue curves) shown on a logarithmic scale. Results from polynomial expressions of ST (green dashed curves), Irwin
(1987) (red long-dashed curves), and Gamache et al. (2000) (purple dot-dashed curves) are also shown. Middle row: The same
results as for the upper panels are shown on a linear scale over the reduced temperature range 1 000 to 10 000 K. Lower row:
Partition functions calculated in this work under various approximations, allowing the origin of any changes with respect to ST
to be identified. Partition functions are recalculated assuming constants from HH, i.e., changes and additions to molecular data
are ignored (red long-dashed curves), limiting states to those with Te < 40 000 cm−1, as was done in ST, and thus showing the
contribution of high-lying states (purple dot-dashed curves), and with both of these approximations (neglecting high-lying states
and using only data from HH), and in addition neglecting higher-order spectroscopic constants that were not considered by ST
(green dashed curves). This final calculation should correspond to that of ST (which it does to reasonable precision by comparison
with the middle panel), and allows the effect of the higher-order constants to be seen. In each case, the lower panels show relative
differences between the plotted results and ours.
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Table 6. Sample of electronic table containing partition functions for molecules. The full table is available electronically at CDS.
Partition functions Q
291
T [K] 1.00000e-05 1.00000e-04 ... 1.00000e+02 ... 5.00000e+03 ... 1.00000e+04
H2 2.50000e-01 2.50000e-01 ... 6.67129e-01 ... 5.07619e+01 ... 1.94871e+02
Li2 3.75000e-01 3.75000e-01 ... 5.26396e+01 ... 5.44859e+04 ... 2.97872e+05
B2 1.87500e+00 1.87500e+00 ... 8.70213e+01 ... 1.86115e+04 ... 8.32502e+04
... ... ...
CO 1.00000e+00 1.00000e+00 ... 3.64899e+01 ... 4.06593e+03 ... 1.50689e+04
... ... ...
KI 1.00000e+00 1.00000e+00 ... 1.23175e+03 ... 1.57038e+06 ... 8.03200e+06
Table 7. Sample of electronic table containing equilibrium constants. The full table is available electronically at CDS.
Equilibrium constants log10(pK)
291
T [K] 1.00000e-05 1.00000e-04 ... 1.00000e+02 ... 5.00000e+03 ... 1.00000e+04
H2 -2.25687e+09 -2.25687e+08 ... -2.16942e+02 ... 6.59790e+00 ... 9.02320e+00
Li2 -5.29139e+08 -5.29139e+07 ... -4.48086e+01 ... 8.31687e+00 ... 9.39624e+00
B2 -1.41218e+09 -1.41218e+08 ... -1.32211e+02 ... 8.22075e+00 ... 9.77654e+00
... ... ...
CO -5.60286e+09 -5.60286e+08 ... -5.50670e+02 ... 1.01177e+00 ... 6.87062e+00
... ... ...
KI -1.66317e+09 -1.66317e+08 ... -1.57877e+02 ... 6.32569e+00 ... 8.72302e+00
Table 8. Sample of electronic table containing partition functions for atoms. The full table is available electronically at CDS.
Partition functions Q
284
T [K] 1.00000e-05 1.00000e-04 ... 1.00000e+02 ... 5.00000e+03 ... 1.00000e+04
H_I 2.00000e+00 2.00000e+00 ... 2.00000e+00 ... 2.00000e+00 ... 2.00015e+00
H_II 1.00000e+00 1.00000e+00 ... 1.00000e+00 ... 1.00000e+00 ... 1.00000e+00
D_I 2.00000e+00 2.00000e+00 ... 2.00000e+00 ... 2.00000e+00 ... 2.00014e+00
... ... ...
Fe_I 9.00000e+00 9.00000e+00 ... 9.01785e+00 ... 2.77940e+01 ... 5.96627e+01
... ... ...
Cl- 1.00000e+00 1.00000e+00 ... 1.00000e+00 ... 1.00000e+00 ... 1.00000e+00
satisfactory here, with the Irwin (1987) data set showing the
largest deviations with respect to our calculations and Lawler
& Sneden’s. The last two are in excellent agreement with each
other in this case, the only limitation of the Lawler & Sneden
data set being again the sparser sampling at low temperatures.
The largest differences are found for Pm ii and Pr ii (Fig. 6) for
which our partition functions at high temperatures are ∼20-30%
lower than the Lawler & Sneden ones.
As mentioned in Sect. 2, the summation over states in the
partition function calculations for atoms and molecules is per-
formed over all energy levels for which data are available. In the
case of molecules, only a few cases such as H2 have a significant
number of identified highly-excited states. As seen in Fig. 3 the
exclusion of states above 40 000 cm−1 has practically no effect
on the partition function. The most likely scenario for molecules
is that missing high-lying states leads to an underestimate of the
partition function, leading to an overestimate of the equilibrium
constant. For cases such as H2 this error can be expected to be
small at all temperatures, but in cases where few excited states
are identified this may lead to significant errors particularly at
higher temperatures.
In the case of atoms, NIST often provides a very large num-
ber of Rydberg states. Hummer & Mihalas (1988) investigated
the sensitivity of a hydrogenic partition function to truncation
of the summation at a given cutoff effective principal quantum
number n∗. They showed that sensitivity to the choice of cut-
off is dependent on I/kT , where I is the ionisation potential
of the species of interest. In particular, when I/kT is relatively
large, say greater than 10, the ground state dominates the parti-
tion function, and the result is quite insensitive for any reason-
able choice of the cutoff. However, as I/kT becomes smaller the
partition function becomes sensitive to the cutoff. Thus, at any
given temperature we expect species with low ionisation poten-
tials (i.e. neutral species of alkalis and alkaline earths) to be the
most sensitive to the cutoff procedure, and for any given species
the sensitivity increases with temperature.
To investigate this we performed calculations in the chemi-
cal picture using the occupation probability formalism (Hummer
& Mihalas 1988). The occupation probability defines the like-
lihood that a given state is not dissolved by the perturbations
of nearby particles. We calculate this probability for conditions
approximating three depths in the solar atmosphere, using eqn.
4.71 of Hummer & Mihalas (1988), where the part relating to
perturbations by charged particles is replaced with the expres-
sions from Appendix A of Hubeny et al. (1994). The results are
shown in Fig. 7, and indicate that in the typical line forming
regions of a solar-type stellar atmosphere, states with n∗ >∼ 12
will be dissolved and these states should be excluded from the
partition function summation. We performed calculations for a
significant number of elements where a cutoff was implemented
for values between n∗ = 10 and 20. For neutral species of many
atoms of astrophysical interest, such as C, O, Mg, and Fe, and
for all ionised species, the results showed no significant changes
compared to the final results including all states across the entire
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Fig. 8. Plot of the ratio of partial partition functions calculated
with a n∗ cutoff in the summation between 10 and 20, to the par-
tition function calculated in this work including all states from
NIST.
temperature range; much less than the per cent level. However,
as expected, neutral species of alkalis, which have low ionisa-
tion potentials, showed some effects at higher temperatures; see
Fig. 8. At temperatures corresponding to the line forming re-
gions of solar-type stars, around 5 000–6 000 K, which indeed
form lines of neutral alkalis, we see that differences for a cutoff
of n∗ ≈ 12 are of order a couple of per cent. This indicates that in
such cases, the partition function calculated here would be over-
estimated, and if greater accuracy is required, the plasma con-
ditions must be accounted for. We note that the effects are even
larger at higher temperatures, but very few neutral atoms will
be found at these temperatures, except at high densities where
plasma interactions must be accounted for. In general these re-
sults are not appropriate for environments with densities much
greater than those typical of stellar atmospheres.
4. Concluding remarks
Calculations of partition functions and equilibrium constants
for 291 diatomic molecules have been presented, and dissocia-
tion energy data collated for these molecules. The calculations
are based on spectroscopic constants from HH, with updates
to constants for the ground states of 85 molecules by Irikura
(2007, 2009), covering the most important molecules. We note
that there are other compilations containing partition function
data for some diatomic molecules. For example Gamache et al.
(2000) for CO, O2, NO, OH, HF, HCl, HBr, HI, ClO, N2, and
NO+, over the temperature range 70 to 3005 K, and Babou
et al. (2009) for N2, N+2 , NO, O2, CN, C2, CO, and CO
+, up
to 50 000 K, though these data are only available on request.
We note that all but two of these molecules are covered by the
updates from Irikura; the exceptions being HBr, which is not
covered by our study, and HI, which is probably of limited as-
trophysical importance. Thus, we expect that the calculations
presented here for these cases are of similar accuracies to these
studies. For example, in the important case of CO, we note that
the spectroscopic constants employed by us and those employed
by Babou et al. (2009) for the ground state agree in all cases to
better than four significant figures, and it was seen in Fig. 3 that
the partition functions agree almost exactly. We also note that
there are numerous single molecule studies, e.g. Stancil (1996);
Engel et al. (2005), often based on energy levels derived from ex-
plicit solution of the Schro¨dinger equation in quantum chemistry
potentials. Merging these results into our results would be non-
trivial, primarily due to differences in the temperature ranges.
We emphasise that if a specific molecule of interest is important
it may be worth to compare the results from these calculations
with those from single molecule studies, and perhaps replace the
data.
Partition functions have also been calculated for 284 species
of atoms for all elements from H to U. The data are based on
up-to-date NIST critically compiled data. We have investigated
the possible influence of inclusion of many Rydberg states, and
estimate that this should not lead to uncertainties larger than a
couple of per cent in typical applications. If higher accuracy is
required, then more sophisticated methods allowing for interac-
tions with the environment may be required.
Finally, we comment that critical compilation of partition
functions and/or the data necessary to calculate them has be-
come a task that is probably beyond any individual or even small
group. It seems to us that the most reasonable approach is a
distributed one, where the community builds a definitive set of
partition functions and spectroscopic constants and/or potentials
and/or energy levels, updated via gradual improvements from
studies of individual or small sets of molecules. This would re-
quire some kind of centralised infrastructure in the form of a
database or similar, and would be important for both the astro-
physics and molecular physics communities.
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P. S. Barklem and R. Collet: Partition functions for molecules and atoms
Fig. 4. Upper panels: Comparison between the atomic partition functions (Q) calculated in this work with data from NIST (blue
curves) and the ones provided by Irwin (1987) (red curves) and by Lawler & Sneden (MOOG data, version from July 2014; see
also Sneden 1973 and updates; green dots). Partition functions from Irwin (1987) are extended to temperatures below 1 000 K using
constant extrapolation (red dashed curves). Data from Lawler & Sneden are interpolated in between the sampled temperature points
using cubic splines in logQ. Lower panels: relative differences between the partition function calculations by the other authors and
ours.
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Fig. 5. Similar to Fig. 4, for some of the lanthanide ions. Note, the Yb ii partition function from polynomial fits from Irwin (1987)
shows an unphysical sharp decrease between 1 000 and 2 000 K.
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Fig. 6. Similar to Fig. 4 and 5, for Pr ii and Pm ii, which, among the lanthanide ions, show the largest differences in terms of partition
function values between our NIST-based calculations (blue curves) and Lawler & Sneden’s (green dots) data at temperatures below
10, 000 K.
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